Novel imidazoline derivative, named N-benzyl-N-(2,4-diamino) butyl imidazoline ammonium chloride (BIA) based on soybean oil was synthesized and its structure was characterized by FTIR. The inhibition behavior of BIA inhibitor for mild steel in 1.0 M HCl was investigated using gravimetric measurements, potentiodynamic polarization, electrochemical impedance spectroscopy (EIS), scanning electron microscopy (SEM) and energy dispersive spectrum. Both the gravimetric results and SEM studies revealed that BIA acted as an efficient inhibitor for mild steel in 1.0 M HCl solution. Gravimetric measurements suggested that the corrosion rate decreased with the increase of inhibitor concentration and the inhibition efficiency reached the maximum value of 96.4% at 200 mg/L. Potentiodynamic polarization results demonstrated that the synthesized imidazoline derivative performed as mixed-type inhibitor, predominantly cathodic.Adsorption of BIA inhibitor on mild steel surface in 1.0 M HCl solution was spontaneous and conformed to Langmuir adsorption isotherm and the adsorption free energy was found to be -22 kJ/mol. Meanwhile, some thermodynamic parameters ( a E , * H  , * S  ) were calculated and discussed.
INTRODUCTION
Mild steel has been widely used as structural material in industry [1] [2] [3] . However, they will be easily corroded when exposed to HCl solution, which is commonly applied in industrial cleaning to remove undesirable scale and rust. The utilization of organic compounds has been found to be an efficient and practical method to protect mild steel from corrosion in acidic media [4] [5] [6] [7] . The inhibition performance does not only relate to the corrosive media, but also the structure of organic compounds.
It is well known that the most popular inhibitors often contain nitrogen, sulfur, oxygen, heterocyclic/aromatic rings or polar functional groups [8] [9] [10] , which acts as adsorption centers to form a protective film on the mild steel surface.
However, the addition of large quantities of these organic compounds may bring undesirable toxicity to the environment and human, which undoubtedly limited their wide application. Thus, looking for "green" and "non-toxic" organic inhibitors becomes urgent and significant. Great efforts have been made for researchers and some natural products, such as plant extracts [11] [12] [13] [14] [15] [16] , vegetable oils and its derivatives [17] [18] [19] have attracted much more interest for their low cost and environmental friendless. Thymus vulgaris plant extract has been used as an eco-friendly corrosion inhibitor for stainless steel 304 in 1.0 M HCl solution [14] . The Tiliacordata extract presented a high inhibition efficiency of 96% at 300 mg/L for carbon steel in acidic solutions [16] . Soybean oil is a normal vegetable oil and rich in Heilongjiang province of China which can be used as a green chemical source for preparation of organic inhibitor.
Based on the consideration that organic compounds with N, O, P and heterocyclic rings can be used as excellent inhibitors for mild steel in acidic solution, a novel imidazoline derivative based on soybean oil was synthesized in this work and the inhibition effect on mild steel in 1.0 M HCl solution was systematically studied by gravimetric measurements, potentiodynamic polarization, electrochemical impedance spectroscopy (EIS), scanning electron microscopy (SEM) and energy dispersive spectrum (EDS). The effects of inhibitor concentration, testing temperature and immersion time on the inhibition efficiency were also evaluated.
EXPERIMENTAL

Materials
The corrosive media of 1.0 M HCl solution was prepared from diluting the analytical grade 37 wt.% HCl with double distilled water. The imidazoline derivative based on soybean oil was synthesized according to the scheme presented in Fig.1 . Firstly, soybean oil (3B Pharmachem International Co., Ltd.) was reacted with triethylenetetramine (Sinopharm Chemical Reagent Co., Ltd.) at 140-160 °C under magnetic stirring for 4.5 h. Secondly, the obtained product was heated up to 200-210 °C and refluxed until the theoretical amount of water was collected in a Dean-Stark trap. The dehydration process was detected by thin layer chromatography (TLC). Thirdly, the dehydrated mixture was reacted with benzyl chloride (Sinopharm Chemical Reagent Co., Ltd.) at about 110 °C for about 3 h to complete the quaterisation. Finally, the raw product was purified by column chromatography with the mixture of trichloromethane and ethyl acetate.
The structure of the purified product N-benzyl-N-(2,4-diamino) butyl imidazoline ammonium chloride (designated as BIA) was characterized by FTIR (Nexus670, NICOLET) in the wave-number range from 400 to 4000 cm -1 , and the result was shown in Fig.2 . Two peaks located at 2924 cm -1 and 2853 cm -1 are observed for both soybean oil and the obtained BIA, which correspond to the asymmetric stretching and symmetric stretching vibration of C-H. It is noticeable that a strong absorption peak at 1600 cm -1 appeared for obtained BIA, which was correlated to the C=N bond in the imidazole ring. Meanwhile, the peak at 3298 cm -1 may be due to N-H. Another peak located at 703 cm -1 corresponds to single substitution in benzene ring. From the above analysis, it is rational to deduce that the target compound had been synthesized. 
Weight loss experiments
The weight loss experiments were conducted using mild steel samples of dimension 50 mm × 25 mm × 5 mm and the chemical composition was shown in Table 1 . Before experiments, the mild steel samples were successively abraded with different grit emery papers, washed in acetone, rinsed 
where W is the mass loss (mg), A is the working area in cm 2 , t is 8 h and ρ is the density ( 7.86×10 3 g cm -3 ).CR inhi and CR free correspond to the calculated corrosion rate for mild steel with and without inhibitors, respectively. 
Electrochemical measurements
A conventional three electrode electrolytic cell was used to take out the electrochemical tests. The cylindrical mild steel with an exposed area of 0.50 cm 2 , a large platinum sheet, and a saturated calomel electrode (SCE) served as the working, auxiliary and reference electrode, respectively. Prior to electrochemical measurements, the working electrode was polished to mirror using 2.5 m diamond paste, and then degreased in acetone. The working electrode was immersed into the testing solution without and with different concentration of BIA inhibitor for 1 h to reach a steady state of the open circuit potential (OCP). Potentiodynamic polarization curves were performed in the potential range from Eocp-250 mV to Eocp+250 mV at a scanning rate of 1 mV/s. EIS spectra were recorded over the frequency range from 100 KHz to 10 mHz at Eocp with AC amplitude of 5 mV using an impedance measurement unit (PARSTAT 2273).
Surface investigation
The surface morphologies of mild steel samples in 1.0 M HCl solution in the absence and presence of BIA inhibitor were observed using SEM model Hitachi SU80 at an accelerating voltage of 30 kV. The surface composition was further investigated using EDX detector model coupled with SEM. The inhibition effect of BIA inhibitor on mild steel in 1.0 M HCl solution at 30 °C was studied using gravimetric measurements and the results are given in Table 2 . Obviously, the corrosion rate decreases with addition of BIA inhibitor compared to the blank, which value decreases with increasing BIA inhibitor concentration. Accordingly, the inhibition efficiency increases with the increase of BIA inhibitor concentrations from 50 mg/L to 200 mg/L, which may be related to the adsorption of BIA inhibitor molecules at the mild steel surface 
RESULTS AND DISCUSSION
Weight loss measurements
Potentiodynamic polarization curves
The typical potentiodynamic polarization curves for mild steel corrosion in 1.0 M HCl solution without and with different concentrations of BIA inhibitor are presented in Fig.4 . It is clear that the current densities of both the anodic and cathodic branches decrease in the presence of BIA inhibitor compared to the uninhibited sample, which may be ascribed to the coverage of inhibitor molecules on mild steel surface. In addition, the shape of potentiodynamic polarization curves changes little with addition of BIA inhibitor, suggesting that BIA inhibitor suppressed the mild steel dissolution by adsorption at the active sites on its surface and did not change the dissolution mechanism [21] . It also can be seen that the Ecorr moves to the negative direction with addition of BIA inhibitor. Some electrochemical parameters, including corrosion current density (jcorr), corrosion potential (Ecorr), cathodic and anodic Tafel slopes were obtained by Tafel extrapolation method and summarized in Table 3 .
The inhibition efficiency ηP(%) can be calculated using the following equation [22, 23] , which values were also listed in Table 3 .
Where jinhiandjfree are the corrosion current densities for the inhibited and uninhibited samples, respectively. The inspection of Table 4 suggests that the maximum shift in Ecorr is 25 mV, which value is less than 85 mV, indicating that the synthesized BIA is a mixed-type inhibitor [24] . Additionally, a more pronounced change can be observed in the value of βc, revealing that BIA inhibitor is predominantly cathodic. The value of Icorr decreases from 496 μA cm -2 to 40.7 μA cm -2 when the BIA inhibitor concentration increases from 0 to 200 mg/L, suggesting that BIA compound is an efficient inhibitor for mild steel in 1.0 M HCl solution. 
EIS measurements
Fig .5 shows the typical Nyquist diagrams for mild steel corrosion in 1.0 M HCl solution without and with different concentrations of BIA inhibitor. It is clear that the addition of BIA inhibitor has a great influence on the Nyquist plots and the diameter increases significantly compared to the blank. This phenomenon suggests that the dissolution rate of mild steel in 1.0 M HCl solution was remarkably restrained by BIA inhibitor. With increasing BIA inhibitor concentration, the diameter of the capacitive circle increases, indicating the formation of a more compact protective film on mild steel surface. As deduced through both the EIS diagram features and the method proposed by Wit [25, 26] , the impedance spectra consists of only one depressed capacitive loop in the blank solution while two in the presence of BIA inhibitor. These two capacitive loops located at high frequency and middle frequency are ascribed to the double layer capacitance and film capacitance, respectively. In addition, the Nyquist plots are not ideal semicircles and this may be due to the dispersion effect at the solid/ liquid interface, which is originated from the surface roughness and chemical inhomogeneity [27] . Thus, the electrochemical equivalent circuit as shown in Fig.6 was used to simulate the EIS data. In this equivalent circuit, the impedance of CPE can be represented as follows [28] [29] [30] :
where  is the angular frequency, and n is a CPE exponent which represents the surface roughness [31] .
The fitted results are listed in Table 4 . The inhibition efficiency derived from EIS measurements can be calculated with the following equation [32] , whose results are also listed in Table  4 . 100
Where free p R and inhi p R are the total resistance without and with different concentration of BIA inhibitor, respectively. From Table 4 , it can be seen that both Rf and Rct increases with increasing BIA inhibitor concentration, suggesting the adsorption of BIA molecules on mild steel surface. The highest value of Rct has been found to be 593 Ω cm 2 at the concentration of 200 mg/L. Meanwhile, the value of Qdl decreases with the increase of inhibitor concentrations, which may be due to the replacement of preadsorbed water molecules by BIA compound [33] . This finding further proved the adsorption of BIA inhibitor on mild steel surface. Moreover, the values of n are a little larger with addition of BIA inhibitor than that of blank, indicating that the mild steel surface becomes smooth in the presence of BIA due to the formation of protective film. 
Surface investigation
The surface morphologies of mild steel after immersion in It is apparent that the mild steel surface was remarkably destroyed without BIA inhibitor (Fig.7a) , while the mild steel surface with addition of 200 mg/L BIA inhibitors was much more uniform (Fig.7b) , suggesting that the adsorption of BIA inhibitor on mild steel surface supplied an a b protective barrier to restrain the aggressive attack of acidic media. EDX spectra were conducted to study the change of chemical composition (Fig.8) . No characteristic peaks for nitrogen (N) and chlorine (Cl) were observed in the uninhibited 1.0 M HCl solution, while these two peaks appeared with addition of 200 mg/L BIA inhibitor. This phenomenon indicated the presence of BIA molecules on mild steel surface.
Adsorption isotherm
It is well known that the organic reduces steel dissolution through adsorption at the steel/solution interface and the adsorption isotherm can give deep insights into the correlation between organic molecules and steel surface. Therefore, some adsorption isotherms, such as Langmuir, Frumkin and Temkin isotherms, were employed to simulate the relationship between BIA inhibitor concentration (c) and surface coverage ( ) obtained from weight loss measurements. As plotted in Fig.9 , the dependence of  / c on c yielded a straight line, indicating that the adsorption of BIA inhibitor on mild steel surface was best fitted to the Langmuir adsorption isotherm [34] [35] [36] :
Where c is inhibitor concentration, is surface coverage and Kads is the equilibrium constant for the adsorption/desorption process of BIA inhibitor on mild steel surface.
Moreover, the standard free energy of adsorption ∆ 0 can be calculated according to the following relation [37] :
Where R is the universal gas constant and T is the absolute temperature. was calculated to be -22 kJ/mol. The negative value suggests the spontaneous adsorption of BIA inhibitor on mild steel surface [38] . According to the previous study, the value of 0 ads G  around -20 kJ/mol or lower demonstrates the physical adsorption mechanism through electrostatic interaction, whereas around -40 kJ/mol or higher suggests the chemical adsorption mechanism involving charge transfer or sharing to form a coordinate type of bond [39] . Thus, it is rational to conclude that the adsorption of BIA inhibitor on mild steel surface involves both physisorption and chemisorption and physical adsorption is the predominant mode.
Effect of temperature
The effect of temperature ranging from 30 °C to 60 °C on the corrosion behavior of mild steel in 1.0 M HCl solution in the absence and presence of 200 mg/L BIA inhibitor was studied with gravimetric measurements and the results are summarized in Table 5 . It can be seen that the value of CR increases from 4.78 to 28.5 mg cm -2 h -1 with rising temperature from 30 °C to 60 °C in the absence of BIA inhibitor, suggesting the faster dissolution rate of mild steel in 1.0 M HCl solution at higher temperatures. Meanwhile, the inhibition efficiency decreases with the increase of temperature, which can be attributed to the higher desorption rate than the adsorption rate of BIA inhibitor molecules on mild steel surface. It is reported that the decrease of inhibition efficiency with temperature indicated physical adsorption of inhibitor molecules onto mild steel surface [40] . Therefore, the BIA inhibitor was mainly physical adsorption on the mild steel surface. This result is in good accordance with that deduced from adsorption isotherm. The linear relationship between log(CR) and 1000/T can be derived from Fig.10 . According to the Arrhenius equation [41, 42] , the apparent activation energy (Ea) for mild steel dissolution in 1.0 M HCl solution without and with 200 mg/L BIA inhibitor can be calculated as:
Where R is the universal gas constant, T is absolute temperature, A is the pre-exponential factor. 
Where CR is the corrosion rate at different testing temperature, N is Avogadro's number and h is Plank's constant. The values of Ea at different conditions are summarized in Table 6 . The values of Ea obtained with addition of 200 mg/L BIA inhibitor were calculated to be 92 kJ/mol, which was larger than that of 44 kJ/mol for the blank, indicating the physical adsorption mechanism of BIA inhibitor on mild steel surface [44] .This conclusion agrees well with that inferred from the Langmuir adsorption isotherm. Meanwhile, the positive value of Fig.12 . It can be seen that the inhibition efficiency slowly increases with increasing immersion time during the initial immersion period from 2 h to 6 h, while decreases with increasing immersion time from 6 h to 72 h. This finding may be explained by the equilibrium of BIA inhibitor adsorption/desorption on mild steel surface at about 6 h. Furthermore, after about 72 h immersion time, the inhibition efficiency is still over 95%, indicating the efficient long-term inhibition performance of BIA inhibitor for mild steel in 1.0 M HCl solution. The comparison of inhibition effect between inhibitors reported in literatures and the present work is shown in Table 7 . It is clear that the inhibitor 2-(n-octylamino)-4-(3'-N,N-dimethylaminopropyl)amino-6-(benzothiazole-2-yl)thio-1,3,5-s-triazine exhibited the highest inhibition efficiency of 99.3% at a moderate concentration for mild steel in 1.0 M HCl solution. While some inhibitors showed smaller values of the inhibition efficiency, although with addition of larger concentration [4, 23] . It is noticeable that the effect of immersion time on the inhibition efficiency was not reported for most of the studies. Therefore, based on the experimental results, it is rational that the soybean oil based imidazline derivative has the practical potential for protection of mild steel corrosion in 1.0 M HCl solution due to its good inhibition effect and long-term inhibition performance.
CONCLUSIONS
Novel imidazoline derivative, named N-benzyl-N-(2,4-diamino) butyl imidazoline ammonium chloride (BIA) based on soybean oil was synthesized and its inhibition behavior for mild steel in 1.0 M HCl was investigated using gravimetric measurements, potentiodynamic polarization, electrochemical impedance spectroscopy (EIS), scanning electron microscopy and energy dispersive spectrum. Results suggested that BIA acted as an efficient inhibitor for mild steel in 1.0 M HCl solution. Gravimetric measurements indicated that the corrosion rate decreased while the inhibition efficiency increased with the increase of inhibitor concentration and the inhibition efficiency showed the maximum value of 96.4% at 200 mg/L. Potentiodynamic polarization results revealed that the BIA compound was a mixed-type inhibitor, and predominantly cathodic.BIA inhibitor was physical adsorption on mild steel surface in 1.0 M HCl solution and the adsorption behavior followed Langmuir adsorption isotherm. Activation and thermodynamic parameters ( a E , * H  , * S  ) were also calculated to supply useful information on the correlation between BIA inhibitor molecules and mild steel surface.
